INTRODUCTION
The LD50 is defined as the dose at which one half of the irradiated population died over a given period of time; say, 60 days (LD5016o). Ideally, data on the dose-mortality relationship would be derived from groups of individuals receiving homogeneous doses. This is not the case for the A-bombings in Hiroshima and Nagasaki.
Numerous attempts have been made to estimate the distance at which 50% of the individuals exposed to the A-bombing died, ostensibly from their exposure to ionizing radiation (distance LD50)1-9) Individually based dose estimates were not available until the introduction of the T65D system" in 1965. It is difficult, therefore, to convert most of the earlier distance estimates to LD50 since radiation shielding was ignored.
The recent reassessment of the atomic bomb radiation dosimetry provided an opportunity for the estimation of the LD5011-16)In 1986, a new dosimetry system , the DS86, was introduced ' 7) . At present, the DS86 system provides one of the best possible estimates of the radiation shielding for the group of A-bomb survivors who were in wooden Japanese houses at the time of A-bombing (ATB). Estimates of individual doses are not available for the survivors in concrete buildings ATB.
Both the earlier studies to estimate the distance LD50 and the recent studies to estimate the marrow LD50 are briefly described in the paragraphs to follow.
ESTIMATION OF LD50
(1) Estimation of the 50% Lethal Distance Joint Commission study
The Joint Commissionl°2) , a binational group of Japanese and American investigators present in these cities shortly after the bombing, drew a random sample of approximately 5,000 individuals from some of the chonaikai (neighborhood associations) in existence at the time of the bombing (ATB) to estimate the total casualties. A questionnaire was then completed on each selected individual which sought to enumerate all of the members of their families as well as their relatives and friends, and determine their fates. In Hiroshima, information was obtained on 20,541 persons of whom 5,240 (25.5%) were dead. In Nagasaki, information was obtained on 18,158 persons; for reasons not identified, 1,736 of these persons were excluded, leaving 16,422 individuals of whom 3,781 (23.0%) were dead. From these samples, distance-casualty curves were constructed, and the distance LD50 determined for Hiroshima and Nagasaki were 1,250 m and 1,300 m, respectively. These estimates are, of course, without regard to shielding, and it is not explicitly stated over what interval of time deaths were summed.
The Japanese Medical Party of the Committee for Atomic Bomb Casualties conducted its own survey on 22 November 1945 under the supervision of Dr. Motosaburo Masuyama3). Twenty-eight small districts were selected using a random sampling number on the map of Hiroshima. Within each district chosen, families were randomly selected for interview and asked about the fate of each member of the family and adjacent families. The fates of 887 individuals exposed at distances from 490 to 2,030 m were determined; 522 had died. A rough value for the distance LD50, shielding ignored, can be derived from his Figure 13 ). It is about 1,200 m.
Shirabe's survey
This study4-8 , conducted in Nagasaki by Professor Raisuke Shirabe of the University of Nagasaki, occurred in the three months from October through December 1945. Visits were made to 23 different localities at different distances from the hypocenter ranging from 700 to 3,500 m, and in each locality individuals acquainted with that neighborhood were identified. In all 1,502 persons were identified of whom 559 (37.2%) had died prior to the survey4'8 .
Shirabe and his colleagues observed that the distance LD50 was about 1,500 m, terrain and structural shielding ignored. Fujita et al. 15, 16) indicate that exclusion of three strikingly discrepant groups would place the distance LD50 at about 1,100 m.
Matsubayashi's survey
Almost exactly one year after the bombing of Hiroshima, on 10 August 1946, this survey by Dr. Ikuzo Matsubayashi of the Hiroshima City Office occurred. The head of each family living within the city on that date was required to report the A-bomb casualties within his household (and relatives) to the city office. Age, sex, location ATB, brief information concerning shielding and injuries, and date of death were recorded.
Ishida and Matsubayashi9) found the casualty rates from the Matsubayashi's survey to be lower than those reported by the Joint Commission1'2), and determined that deaths seen beyond 2,000 m were caused by mechanical injuries, burns and the like but not radiation, and that deaths caused by radiation per se occurred during the first two months following the atomic bomb explosion. They made no effort to estimate the LD50 nor did they explicitly take shielding into account. A rough value for the distance LD50, shielding ignored, can be derived by interpolation Rotblat's study A portion of the RINMB data described above, specifically the 1,216 people in Hiroshima who were shielded inside Japanese-style houses, located 600-1,300 m from the hypocenter, of whom 451 died during the first day and 201 died in the following two months, have been reanalyzed by Rotblat'2) who argues that the best estimate of the distance LD50/60 is 892 ± 11 m, and deduces from this a marrow dose LD50/60 of 1.54 Gy. This value was arrived at using the preliminary estimates of the FIA kerma values with a reduction for shielding by houses based on the average transmission factors available in 1983. The DS86 marrow dose of an individual in a wooden structure at 892 m was computed by Fujita et al. 11, 16) to be 2.44 Gy.
Defence Nuclear Agency (USA) study Recently, still another group described by the Joint Commission, the survivors in the Chinzei and Shiroyama schools located at about 500 m from the hypocenter in Nagasaki, has been studied13). Some 208 were identified to be within the ferroconcrete buildings themselves. Many were killed outright by the blast or died within the first day from burns or other unknown causes.
Using this source of information and others at their disposal, members of the Defense Nuclear Agency (USA) have reconstructed the events attending the exposures of 181 persons, 84 of whom died on the first day. Estimates of the doses of these 181 individuals were made using the DS86 FIA kerma and a complex modelling process to take into acount the shielding afforded by the structure. The LD50/60 was estimated both with and without including deaths on-the first day. Using a linear probit model of mortality, which best fit these data, they find the LD50/60 to be 3.2 Gy (bone marrow dose) when deaths within the first day or the seriously injured surviving the first day are excluded, and 2.64 Gy when they are not. This difference (17010 approximately) they attribute to possible bias introduced through inclusion of first day deaths and the severely injured.
Kamada et al. study Kamada et al. 14) have recently reexamined the mortality among 90 Shintoku high school students, all girls either 14 or 15 years old ATB, exposed in the Central Telephone Office, a reinforced concrete building located 550 m from the hypocenter in Hiroshima. Among these students, 31 died within 24 hours; another 29 died within two months and 27 of the latter were exposed on the second floor. The remaining 30 students, 26 of them exposed on the second floor, were alive in 1946 and have been followed thereafter. Average estimated dose for 53 students, exposed on the second floor and surviving more than a day, has been estimated cytologically, based on the frequency of chromosomal aberrations in peripheral lymphocytes from 7 available students. The average estimated T65D dose is about 6 Gy. Since 27 (50.9%) of the 53 students who survived the first 24 hours subsequently died, they estimate the LD50/60 (i.e., death of half of the exposed persons in 60 days following exposure) to be about 6 Gy (T65D) which is equivalent to around 4 Gy DS86. They note that their estimate seems higher than some others, and suggest this may arise from the unique situation of the young female.
Radiation Effects Research Foundation study
The Radiation Effect Research Foundation (RERF) made an effort to identify all of the survivors of these A-bombings and to determine the shielding circumstances under which they were exposedlg). In the years from 1953 to 1958, using the Foundation's Master Sample of survivors as a basis, specially trained interviewers sought to determine for each of some 28,000 survivors (within 1,600 m in Hiroshima; within 2,000 m in Nagasaki) the location ATB as reliably as practicable. If they were exposed within a building, a scale model was drawn to aid in determining their position, and they were asked to specify how many other individuals to their knowledge were present within the structure, their locations and whether they survived or died, and if the latter, when death occurred, if known18 . Fujita et al. 11, 16) extracted from these records, data on mortality of 2,518 clusters (a total of 7,593 persons, of whom 1,095 died within 60 days after the bomb) exposed in wooden Japanese houses in Hiroshima. The records also provide data on the estimation of DS86 marrow dose to each cluster (or each individual). They estimated probabilities of death for successive 1 Gy intervals of the estimated DS86 kerma in a house and dose-mortality curves were fitted to this.
Their estimates of the LD50/60 vary slightly with the method of estimation; 2 .3-2.6 Gy based on an unweighted linear fit, 2.2 Gy based on a weighted linear or probit fit . These estimates include deaths in the first day. They adjusted the above range upwards by the factor 17 .5% suggested by the Defence Nuclear Agency study and show the range 2 .7-3.1 Gy as their best estimate of the LD50160.
DISCUSSION
Intuitively, the A-bombing of Hiroshima and Nagasaki would appear to provide an unparalleled basis for the estimation of the LD50/60. However, retrospective estimates of radiation-induced mortality following the A-bombing are plagued by three virtually insurmountable problems. First, there are no wholly reliable estimates of the number of individuals who were exposed at a given distance or dose, save in selected circumstances. Second, it is exceptionally difficult to separate deaths due to exposure to ionizing radiation from those ascribable to other bomb-related causes, such as fire or the blast itself. Finally, other factors, such as age, sex, poor nutritional status, and the occurrence of a devastating typhoon on 17 September 1945, undoubtedly contributed to the 60-day mortality rates.
These handicaps can be mitigated to some degree, but only imperfectly. In the first instance , it is possible to restrict the analysis to individuals exposed under relatively homogeneous circumstances, e.g., within wooden structures. In the second instance, it is possible to examine the effect on the LD50 of counting deaths over several differing intervals of time following exposure and thereby to speculate, at least, on the effects of competing causes of mortality . It would seem more likely, for example, that a death occurring on 6 August (Hiroshima) or 9 August (Nagasaki) was due to trauma or fire than to the effects of ionizing radiation.
Estimation of the error to be associated with a given LD50 is also a bothersome matter. Most estimates assume that the only source of error is that attributable to sampling. It is also commonly assumed that data obtained from surviving individuals must overestimate the LD50/60, because such observations obviously underestimate the number of deaths 15,16> Random errors in the estimation of exposures necessarily lead to an underestimation of radiation-related effects19-22), and uncertainties in dose can not only lead to a flatter slope to the dose response curve , but The neutron component of the doses to the survivors is now considered to be much smaller than previously thought, less than 3% of the total dose to the survivor in a Japanese house ATB. Neutrons are believed to be more hazardous biologically, and the value of the LD50160 could be smaller for neutrons than for gamma rays or low-LET radiation. The values of the LD50/60 recently estimated, assuming the RBE of neutrons for acute deaths is unity, may not be affected, but it is difficult to estimate the RBE of the LD50/60 from the data on the atomic bomb survivors.
The distance LD50/60 estimates yielded from the reassessment of the various studies described earlier ranged, in the main, between 900 and 1,000 m or so from the hypocenter. In one sense, this suggests a surprising degree of correspondence given the difference in the studies and the segments of the population used in the estimates. However, the dose difference that exists between 900 and 1,000 m remains large (1.5-2.3 Gy in a Japanese house and 3.3-5.2 Gy in the open and not shielded, in terms of marrow dose in Hiroshima). The newer, estimates of the LD50/60 as DS86 marrow dose in four different sets of data from the A-bomb exposed individuals are summarized in Table 1 . The earlier studies were also reanalyzed and synthesized in the context of the recent reassessment of the A-bomb dosimetry15,16> There is a surprising concordance in the estimates given the different groups of survivors involved and the methods used to estimate the LD50/60.
In the recent UNSCEAR report24), the Committee reviewed a large body of data on early effects in man of whole body doses above approximately 1 Gy of low-LET radiation from three main sources: the Japanese exposed to the atomic bomb, radiation accidents, and radiotherapy treatments.
It is concluded that the LD50/60 for humans receiving no or little medical treatment is likely to be around 2.5 Gy marrow dose and possibly higher. A similar value may pertain to some groups of ill cancer patients receiving good medical care. The LD50/60 for healthy humans receiving good supportive medical treatment after irradiation is likely to approach or equal 5.0
Gy. The LD50160 can be further increased markedly by successful marrow transplantation, probably up to about 9 Gy.
